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ABSTRACT

Forest regrowth after cropland abandonment and
urban sprawl are two counteracting processes that
have influenced carbon (C) sequestration in the
southeastern United States in recent decades. In this
study, we examined patterns of land-use/land-
cover change and their effect on ecosystem C stor-
age in three west Georgia counties (Muscogee,
Harris, and Meriwether) that form a rural-urban
gradient. Using time series Landsat imagery data
including MSS for 1974, TM for 1983 and 1991, and
ETM for 2002, we estimate that from 1974 to 2002,
urban land use in the area has increased more than
380% (that is, 184 km?). Most newly urbanized
land (63%) has been converted from forestland.
Conversely, cropland and pasture area has de-
creased by over 59% (that is, 380 km?). Most of the
cropland area was converted to forest. As a result,
the net change in forest area was small over the past
29 years. Based on Landsat imagery and agricultural
census records, we reconstructed an annual gridded
data set of land-cover change for the three counties
for the period 1850 to 2002. These data sets were
then used as input to the Terrestrial Ecosystem

Model (TEM) to simulate land-use effects on C
fluxes and storage for the study area. Simulated
results suggest that C uptake by forest regrowth
(approximately 23.0 ¢ C m™ y ') was slightly
greater than the amount of C released due to
deforestation (approximately 18.4 g C m™2 y '),
thus making the three counties a weak C sink.
However, the relative importance of different
deforestation processes in this area changed signif-
icantly through time. Although agricultural defor-
estation was generally the most important C-release
process, the amount of C release attributable to
urbanization has increased over time. Since 1990,
urbanization has accounted for 29% of total C loss
from the study area. We conclude that balancing
urban development and forest protection is criti-
cally important for C management and policy
making in the southeastern United States.
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INTRODUCTION

The terrestrial carbon (C) budget in North America
and the mechanisms that underlie it remain
uncertain (Fan and others 1998; Bousquet and



1212 C. Zhang and others

others 2000; Wofsy and Harris 2002). Increasing
forestland area and rates of production have been
proposed as important mechanisms for the transfer
of C between land and the atmosphere (Houghton
and others 1999; Schimel and others 2000; Pacala
and others 2001; Goodale and others 2002). Al-
though forest regowth on abandoned agricultural
land enhances C sequestration, deforestation and
urban development lead to terrestrial C release to
the atmosphere. However, estimates of the C
source and C sink induced by such land-use
changes are still far from certain (Houghton 1999;
Imhoff and others 2000; Milesi and others 2003;
Tian and others 2003). To better quantify the roles
of deforestation and forest regrowth on the regional
C budget, it is essential to study landscapes where
the disturbance processes are rapid and pervasive
(Turner and others 1995). The objectives of this
study were to characterize landscape changes along
a rural-urban gradient in the southeastern United
States and to determine the effects of ditferent land
uses on C fluxes and C storage in the terrestrial
ecosystems of this area over the past 3 decades.
Since the middle of the 20th century, the
southeastern United States has undergone a long-
term transition from agricultural land use to sec-
ondary mixed forests (Hart 1980; Wear 2002).
Based on young stand ages, Turner and others
(1995) concluded that the southeast and south-
central regions of the United States possessed the
strongest biological C sinks. However, C emissions
due to anthropogenic disturbances such as urban-
ization may essentially offset this sink. Recent
analyses have indicated that trends in land devel-
opment in the United States vary significantly by
region (US Census Bureau, Census 2000, http://
www.census.gov/), with the Southeast being
characterized by rapid population growth and
increasing urban land use. This is particularly evi-
dent in the Georgia Piedmont, where the rate of
urbanization ranked among the highest in the
Southeast region during the 1990s. A recent US
Forest Service resource assessment (Wear 2002)
indicated that urbanization will represent a primary
threat to the forestland of the Southeast for the
next 20 years. Furthermore, in this region, the
conversion of forestland into urban land uses is
counterbalanced by the conversion of cropland into
forests. Thus, extensive forest regrowth on aban-
doned agricultural land is believed to render the
Southeast a C sink. However, increased rates of
urban development in the region threaten forest-
land and could reduce ecosystem productivity
(Imhoff and others 2000; Milesi and others 2003),
which would cause the Southeast to act as a C

source. Our challenge now is to accurately quantify
the relative roles of forest regrowth and urbaniza-
tion on the net C balance in this area.

Our approach was to use a spatially explicit
process-based ecosystem model in conjunction
with remotely sensed and agricultural census data
to estimate annual sources and sinks of across
heterogeneous landscapes along an urbanization
gradient. We selected three counties in the West
Georgia Piedmont (Muscogee, Harris, and Meri-
wether), which formed an urban-rural land-use
gradient. We developed an annual gridded data set
of land-use change for the three counties for the
period from 1850 to 2002 by using Landsat imagery
data (1974, 1983, 1991, and 2002) and agricultural
census record. This data set was then used as input
for the Terrestrial Ecosystem Model (TEM) to sim-
ulate land-use effects on C fluxes and C storage for
the area (McGuire and others 2001; Tian and oth-
ers 2003). This study of the west Georgia area
served as a pilot project for the extrapolation of our
analyses to the entire southeastern United States.

METHODS
Study Area

The study gradient (85°12"W/32°22'N-84°29'W/
33°14'N) is located to the northeast of Columbus,
the third largest city in Georgia (Figure 1). These
three lower Piedmont counties have undergone
significant forest regrowth since the middle of the
20th century (Hart 1980), as well as rapid popula-
tion growth and related land development during
the 1990s (www.census.gov). Development
around Columbus is constrained by Fort Benning, a
large military installation on the southeastern
portion of Columbus and the Chattahoochee River
to the west. Therefore, all expansion occurs in the
northeastern direction. The influence of Columbus
on the surrounding landscape can be understood
by examining the population statistics over the past
decade for the three contiguous counties. Among
the three west Georgia (West GA) counties, Mus-
cogee County, within the Columbus city limits, had
the greatest population growth—41 people per km?
during the study period (1974 to 2002). Con-
versely, Meriwether County, furthest from the city,
had the lowest population growth — two people
per km?. Harris County, lying in between Musco-
gee and Meriwether counties, had a moderate
population growth— nine people per km? (http://
www.census.gov/). Thus, these three counties form
an urbanization gradient that can be used to study
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Figure 1. Location and population
growth of the west Georgia (West GA)
research site. From 1974 to 2002
population density of Muscogee
County increased 41 people per km?,
population density of Harris County
increased nine people per km?, and
population density of Meriwether
County increased two people per km?.
The dot density in the figure is used to
visualize the relative magnitudes of
population growth of the three
counties. The three counties, from the
southwest to the northeast, form an
urban-rural gradient.

the effects of land-use change on the ecosystem C
balance.

The Model and Simulation Experiments

We used the TEM (Tian and others 1998, 1999,
2003; McGuire and others 2001; Felzer and others
2004) to simulate changes in C storage during three
stages of disturbance; (a) conversion from natural
vegetation to cultivation (cropland conversion), (b)
production and harvest on cultivated land, and (c)
abandonment of cultivated land (cropland aban-
donment). For a detailed discussion of the structure
of the TEM model, refer to Tian and others (2003).

Annual net C exchange (NCE) between the ter-
restrial biosphere and the atmosphere can be de-
scribed by the following equation:

NCE=NPP — Ry — Exap—Eap —Ep (1)

where NPP is net primary production, Ry is het-
erotrophic respiration, Exap represents emissions
associated with nonanthropogenic disturbance,
Eap represents emissions from anthropogenic dis-
turbances, and E,, represents the decomposition of
products harvested from ecosystems for human
use. We do not currently have the capability to
simulate the C dynamics associated with Exap in
this region; therefore, for this study, we estimated
NCE by modifying Eq. (1) to:

NCE = NPP — Ry — Eap — Ep (2)

For regional extrapolations with TEM, we use
spatially explicit data sets for vegetation, elevation,
soil texture, mean monthly temperature, monthly

precipitation, and mean monthly cloudiness. The
input data sets were gridded at a resolution of 1 km.
In addition to the input data sets, TEM also requires
that soil- and vegetation-specific parameters be
assigned to a grid cell. Although many of the
parameters in the model are defined from pub-
lished information, some of the vegetation-specific
parameters are determined by calibrating the
model to the fluxes and pool sizes of intensively
studied field sites. The data used to calibrate the
model for different vegetation types are docu-
mented in previous studies (Tian and others 1999).
To apply TEM to a transient scenario, it is first
necessary to run the model to equilibrium with
long-term baseline climatic data for the initial year
of the simulation. Detailed documentation on the
development, parameterization, and calibration of
this version of TEM has also been previously pub-
lished (Tian and others 1999, 2003).

To focus on the effect of land-use changes, we
used a constant climatic data set—the average cli-
mate for the period from 1974 to 2002—and only
allowed land cover to change over time in the
simulation. We first ran the model to equilibrium
with a natural vegetation map; this was derived by
using a contemporary land-cover map but substi-
tuting the potential vegetation types in the area for
currently cultivated and urban land. For the land-
use transient run, annual historical land-use data
for the period between 1850 and 2002 were used as
inputs. In this paper, however, our analysis focuses
on the three most recent decades (1974 to 2002), a
period covered by Landsat imagery data. It is
important to note, that however, the following
assumptions were made for urban land uses: (a) the
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intensive urban and transportation land type in the
land-cover maps (see following section) are
impervious surfaces (Arnold and Gibbons 1996),
and (b) the impervious surfaces have zero NPP and
zero vegetation cover.

Development of Gridded Annual
Land-cover Data Sets

Land-cover  Classification Based on  Landsat
Imagery. Landsat images were collected for 4 years
(1974, 1983, 1991, and 2002). We used a post-
classification-comparison approach to derive land-
cover information from four Landsat images for the
area. To improve the consistency of the classifica-
tion results, all the images were georegistered to a
2003 orthophoto of the region (Lockaby and others
2005). Water bodies were identified using the
supervised classification method (Jensen 1996).
Next, the water patches were masked out, and the
rest of the pixels were classified using ISODATA
unsupervised classification methods. A total of 50
clusters were generated in the unsupervised clas-
sification. These clusters were assigned into three
land-cover types: urban/transportation impervious
surface, cropland/pasture, and forest. The ancillary
data sets that we used included 1:24,000-scale
USGS Digital Elevation Model (DEM) data (http://
www.ned.usgs.gov/), USGS Land Use and Land
Cover (LULC) data sets and the USGS
National Land Cover Data set 1992 (NLCD92)
data set (http://www.edc.usgs.gov/products/land-
cover.html), as well as local transportation and
hydrologic maps (https://www.gisl.state.ga.us).
Classification accuracies were assessed using aerial
photos of the study region. Accuracy of the 2002
land-cover map was assessed using a 2003 aerial
orthophoto (Lockaby and others 2005). Accuracy
of the 1991 land-cover map was assessed using
1993 Digital Ortho Quarter Quads (DOQQs)
(http://www.usgs.gov/; https://www.gisl.state.
ga.us/). Finally, the accuracy of the 1983 and 1974
land-cover maps was assessed using 17 USGS high-
resolution scanned aerial photos (http://www.
edc.usgs.gov/products/aerial/hiresscan.html), which
were ortho-corrected using the 1:25,000 USGS
DEM data set (http:/www./ned.usgs.gov/) and the
1993 DOQQs orthophoto (http://www.usgs.gov/).
Two hundreds points were randomly selected on
the reference aerial photos for assessment of the
accuracy of each land-cover map.

Table 1 shows the classification error matrixes
and user/producer accuracies for the four land-
cover maps (1974, 1983, 1991, and 2002) derived
from the Landsat images. The overall accuracies of

the four land-cover maps range from 84% to 90%.
Producer accuracy of forestland, the major land-
cover type in the region, exceeded 90%. User
accuracy of forestland exceeded 85%. In all four
land-cover maps, producer accuracy of cropland/
pasture was the lowest (68%-77%), mainly due to
the misclassification of cropland/pasture land cov-
ers into forest type. This error of input associated
with the land-use data set could result in an over-
estimation of soil C storage (Guo and Gifford 2002),
aboveground C storage, and NPP. These effects,
however, are not significant because of the slow
rate of vegetation and soil C accumulation in newly
abandoned croplands. For example, if a cropland
pixel in the 1974 Landsat image was misclassified
as forest type, forest would begin to regrow in that
location some time between 1974 and 1982 in our
simulation. If this pixel was correctly classified as
cropland in the 1983 land-cover map (the chance
of a pixel being misclassified in two consecutive
images was very low), its land-cover type would be
turned back into cropland in 1983. Therefore, this
misclassification caused a pseudo-forest regrowth
for about 1-8 years. In such a short time, the NPP,
the total vegetation C, and especially the soil C
accumulation rate of a newly abandoned cropland
could not increase much.

The user accuracy for cropland/pasture in 1991 is
only 67%. Of those reference plots that were
incorrectly classified as cropland/pasture type, 80%
were forest plots and 20% were urban plots. The
consequences of misclassifying urban lands as
cropland/pasture will not be significant because
both types are disturbed ecosystems that have rel-
atively low NPP and low vegetation C. The mis-
classification of forest as cropland will cause an
overestimation of agricultural deforestation area,
which in turn will result in overestimation of the C
release due to agricultural conversion by our model
simulation. Table 1 shows that of the 62 sample
plots that were classified as cropland/pasture in the
1991 and 2002 land-use maps, 11 plots were
actually forest type. Our analysis further shows
that, of these 11 misclassified plots, nine were for-
est clear-cuts or newly established forest planta-
tions. In the Landsat images, clear-cut plantations
or forest stands in seedling stage were difficult
to distinguish from the pasture land-use type.
According to the USDA Forest Service Forest
Inventory and Analysis (FIA), about 3% of the
West GA forest was clear-cut or newly established
forest (http://www.fia.fs.fed.us). As a result of this
classification error, our simulation will misattribute
considerable C released due to plantation rotation
to negative NCE due to agricultural deforestation.
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Table 1. Error Matrix of the Land-use Classification
Reference Data®
Land-use
Types Water Urban Forest Cropland/Pasture Total User Accuracy
Water 19 3 22 86%
1974 Classified Data Urban 7 2 1 10 70%
Background
Forest 105 14 119  88%
Cropland/Pasture 1 10 38 49  78%
Total 19 8 120 53 200
Producer Accuracy 100%  88% 88% 72% Over all Accuracy 84%
Water 25 25 100%
1983 Classified Data Urban 24 1 3 28 86%
Background
Forest 111 7 121 92%
Cropland/Pasture 1 4 21 26 81%
Total 25 28 116 31 200
Producer Accuracy 100%  86% 96% 68% Overall Accuracy 90%
Water 14 14 100%
1991 Classified Data Urban 20 2 22 91%
Background
Forest 1 127 6 134 95%
Cropland/Pasture 2 8 20 30 67%
Total 14 23 137 26 200
Producer Accuracy 100%  87% 93% 77% Overall Accuracy 90%
Water 16 2 18 89%
2002 Classified Data Urban 28 3 1 32 88%
Background
Forest 2 105 11 118 89%
Cropland/Pasture 2 2 28 32 88%
Total 16 32 112 40 200
Producer Accuracy 100%  88% 94% 70% Overall Accuracy 88%

“Source of reference data for 2002: 2003 aerial photos of West GA region (Lockaby and others 2005).

Source of reference data for 1991: 1993 DOQQs (http://www.usgs.gov/; http://gisl.state.ga.us).

Source of reference data for 1983 and 1974: nine USGS high-resolution scanned aerial photos in early 1980s and eight USGS high-resolution scanned aerial photos in the early
1970s (http://edc.usgs.gov/products/aerial/hiresscan.html), which were ortho-corrected using 1:25,000 USGS DEM data set (http://ned.usgs.gov/) and 1993 DOQQs orthophoto

(http://www.usgs.gov).

These two kinds of disturbances, both of which
involve clearcutting have similar effects on the re-
gional ecosystem C cycle. Therefore, this classifi-
cation error is not likely to affect the estimate of the
total C balance in the study region.

Because the spatial resolutions of Landsat MSS
(1974) and Landsat TM (1983, 1991, and 2002)
differ, bias with regard to the estimates of land-use
change over the study area is possible. To reduce
the error of the spatial mismatch, we therefore
further aggregated the simulation resolution to
1 km.

Annual Time Series of Land Cover across the Study
Area 1974-2002. Land-cover maps were used to
create an annually gridded data set for the period
from 1974 to 2002. There are a total of 3,110 grid
pixels at a resolution of 1 km in each land-use
map. To generate this data set, we first aggregated

the 30-m (80-m for 1974) resolution land-use
maps into 1-km resolution using majority rule
(Jensen 1996) and recorded the area fraction of
each land-cover type in each grid pixel. Second,
for those years between two adjacent remote-
sensing time periods, we constructed land-cover
maps by linear interpolation so that in each year a
fixed number of grid pixels will change their land-
cover types. The probability of land cover change
would take place in a grid pixel is positively re-
lated to the fraction of the destination land cover
type in that grid pixel.

Reconstruction of Historical Land-cover Change of the
Study Area 1850-1973. We reconstructed 1-km
resolution historical land-use maps for each year
between 1850 and 1973 in two steps. First, we
estimated the cropland, urban area, and forest area
in each year based on historical census data
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(Waisanen and Norman 2002); then we generated
land-use maps for each year based on the total area
of each land-use type and the 1974 land-use map.

We estimated the historical urban area (before
1974) by assuming that urban area per capita re-
mained constant between the 1850s and the 1970s.
With this assumption, we first derived the per
capita urban area based on the 1974 population
census data and the 1974 land-use map. Then we
estimated the total urban area in each year from
1850 to 1973 by multiplying its population size
with the per capita urban area constant. For those
years that have no population census data avail-
able, a linear interpolation was done based on
urban areas of the nearest two census years. The
database developed by Waisanen and Morman
(2002) provides historical cropland area census
data back to 1850. For years that have no cropland
census data available, we used linear interpolation
based on cropland areas of the nearest two census
years. We assumed that the area of water land-use
type did not change from 1850 to 1973. Therefore,
the forest area could be estimated by subtracting
water area, cropland area, and urban area from the
total area of each county.

Land-use maps for each year from 1850 to 1973
were reconstructed based on the recorded area
fractions of different land-use types in each grid
pixel of the 1-km resolution 1974 land-use map.
We assigned one of the three land-use types
(forest, urban, and cropland/pasture) to each
nonwater grid pixel based on the area fraction of
different land-use types in that grid pixel, so that
the higher the area fraction of a land-use type in
the grid pixel the higher the probability that kind
of land-use type will be assigned to the grid pixel.
For each land-use map, we controlled the total
number of pixels that were assigned a certain
land-use type, so that the total area of each land-
use type would match the historical census data
for that year.

Other Data Sets

In this study, climate, soil, elevation, and cloudi-
ness are assumed to be stable annually. The ele-
vation data represent a l-km aggregation of the
7.5-min USGS National Elevation Dataset (http://
www.edcnts12.cr.usgs.gov/ned/ned.html). We also
used a 1-km resolution digital general soil associa-
tion map (STATSGO map) developed by the US
Department of Agriculture (USDA) Natural Re-
sources Conservation Service to create a soil tex-
ture map of the study area. The texture information
of each map unit was estimated using the USDA

soil texture triangle (Miller and White 1998).
We used a 2002 six-category (coniferous forest,
deciduous forest, mixture forest, cultivated land,
intensive urban and transportation, and water)
land-cover map (substituting the potential vegeta-
tion type of this region for the cultivated land and
urban types) as the natural vegetation map of this
region to generate baseline conditions in the
equilibrium portion of the simulations. For the
simulation, we used five major land-cover clas-
ses—urban impervious surfaces, coniferous forest,
deciduous forest, mixture forest, and cropland/
pasture. Lakes, streams, and other aquatic ecosys-
tems were excluded from the simulation. We put
the grassland category into the cropland/pasture
category for this simulation, because natural
grassland areas were small in this region.

Climate data were obtained from the National
Climatic Data Center (NCDC). Monthly precipita-
tion and average air temperature records (1970-
2000) maintained by the 25 cooperative network
stations in the three counties and the counties
adjacent to the research region were used. For each
month of the year, a temperature and precipitation
raster layer at 1-km resolution was constructed
using a Trend Surface Interpolation (TSI). Mean
monthly cloudiness data for this study were
derived from the Climatic Research Unit (CRU) TS
2.0 climate data set (Mitchell and others forth-
coming). We then constructed the cloudiness map
at 1-km resolution in the research area by linear
interpolation.

RESULTS AND DiscussioN
Land-cover Changes during 1974—2002

According to our results, from 1974 to 2002,
abandoned cropland area in the three counties
comprised 407 km?, most of which was converted
to forests (Table 2). At the same time, conversion to
cropland and urban use had eliminated over
95 km? and 116 km? of forestland, respectively. The
net effect was a slight increase in forest area from
2,414 km? in 1974 to 2,610 km? in 2002. Cropland
area was reduced by more than 59%, whereas
urban land use more than doubled. Forestland
(including urban forest and woodlands) covered
78%, 81%, and 82% of the West GA counties in
1989, 1997, and 2000, respectively. These estimates
were higher than the FIA figures of 74%, 74%, and
75% for these 3 years (http://www.fia.fs.fed.us/
rpa.htm). This difference may be due to the fact
that the areas identified as forest by remote sensing
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Table 2. Land-cover Change between 1974 and 2002 (km?)

Land Cover in 2002

Forest Cropland/Pasture ~ Urban/Transportation ~ Total in 1974
Forest 2,203 95 116 2,414
Land Cover 1974 Cropland/Pasture 407 169 68 644
Urban/Transportation 0 0 48 48
Total in 2002 2,610 264 232 3,106

in our investigation included all the forest and
woodland (including urban forests) that can be
identified on the 30-m resolution images (80-m for
Landsat MSS), whereas the FIA project estimates
were based on a more restricted definition that
requires a plot to have at least 10% tree stocks and
to be at least 1 acre in size before it can be classified
as forestland (USDA Forest Service 2005).

Total forest area changed little because land-use
change due to cropland abandonment and urban-
ization tended to balance each other out. This
finding is in agreement with the reports of other
studies in the southeastern United States (Wear
2002; Milesi and others 2003). Most of the new
development (63%) was due to the conversion of
forests; a similar figure has been reported by the
USDA Natural Resources Conservation Service
(www.nrcs.usda.gov).

Rapid land-use change in this region has an im-
pact on the age of forest stands (Harts 1980). Our
data indicate that in 1989 about 63% of the forests
were less than 40 years old. This value is a little
lower than that given in FIA reports, which indi-
cate that 75% of forests were in the 1-40 age class
(http://www.ncrs2.fs.fed.us/4801/fiadb/). Our old-
er forest age structure may reflect the inability of
remote-sensing sources to capture information on
yearly forest management (such as rotation).

The major land-use change in Muscogee County
was urbanization (Figure 2b) whereas the major
land-use change in Meriwether County was crop-
land abandonment accompanied by considerable
agricultural conversion (that is, cropland/pasture
converted from forest). In Harris County, a large
area of cropland abandonment was evident in the
northwest part of the county, while urbanization
characterized the southeast. Because of the military
installation to the south, Columbus expanded in a
northerly direction. In addition, the urbanization
rate changed along the gradient. The urban area of
Muscogee County, which had the highest per-
centage of urban (or impervious surface) area
(6.9% of total county area in the mid-1970s), in-
creased 3.31 km? annually, whereas the urban area
of Meriwether County (which had the lowest

urban percentage, at 0.06% of total county area in
the mid 1970s) increased only 0.93 km? each year.
Harris County, located in the middle, gained
1.22 km? of urban land each year. Our analysis
indicates that since 1990, urbanization has become
more evident in all three west Georgia counties
(Figure 3), such that impervious surface coverage
(ISC) in West GA increased from 1.5% in 1974 to
7.5% in 2002. Our land-cover data set, however,
may overestimate ISC in urban regions and slightly
underestimate ISC in rural regions.

We selected eight West GA watersheds and
compared their ISCs in our 2002 land-use map to
the results of another study based on high-resolu-
tion color infrared (CIR) aerial photos (Lockaby
and others 2005) taken in 2003. Our estimate of
0.4% ISC for the most undeveloped watershed is
lower than the estimate of 0.7% ISC by Lockaby
others and 2005; whereas our estimate of 49% ISC
for the most developed watershed is higher than
their estimate of 42% ISC. For the six watersheds
whose ISC falls between 1.5% and 7.5%, our
estimates of the ISC are 1.2%, 1.5%, 1.6%, 1.8%,
2.3%, and 3.5%, respectively; these figures gener-
ally agree with the estimates (1.5%, 1.6%, 1.8%,
1.9%, 2.5%, and 2.6%, respectively) given by
Lockaby and others (2005).

According to Wear (2002), the two major chan-
ges in land use that occurred in the southern Uni-
ted States during the latter half of the 20th century
were urbanization (most areas being converted
from forest land) and reforestation on aban-
doned croplands. As a result of a balance between
urbanization and reforestation, forest area in the
region has remained roughly constant. Our results
indicate that the pattern of land-use change at the
West GA rural-urban interface matches well with
the general pattern of land-use change observed in
the southeastren United States as a whole.

In general, land cover in this area has changed
significantly since the mid-1970s. Although total
forest cover did not change much, disturbed for-
estlands over the 29-year period represent more
than 27% of total forestland. Therefore, in some
areas of the region, vigorous young forest growth
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Figure 2. Land-cover change in three counties of west Georgia from the mid-1970s to the early 2000s. a Land-cover map
in 1974. b Land-cover change (LCC) from 1974 to 2002. ¢ Land-cover map in 2002.

on abandoned croplands sequestered carbon diox-
ide (CO,), whereas, in other parts of the region,
deforestation and wurbanization released CO,.
Clearly, the fact that the land-use change processes
counteracted each other was important for the
balance of C in the region.

Modeled Estimates of Carbon Storage and
Net Primary Productivity

According to our simulation results, in 2002, total C
storage in the West GA counties was 42 million ton
(M t), including 27 M t stored in vegetation and
18 M t stored in soil. Vegetation C in the three
counties of Meriwether, Harris, and Muscogee was
12Mt, 13 Mt, and 2 M t, respectively. Soil organic
C in the three counties was 8 Mt, 8 Mt, and 2 M t,
respectively. The total ecosystem C density of the
West GA region increased slightly from 13,409 g
Cm™?in 1974 to 13,539 g C m 2 in 2002 (Table 3).
Ecosystem storage of C was nearly equal in 1980
(13,543 ¢ C m~?) and 2002 (13,539 g C m ?). In
other words, total C storage did not change much
during the study period. Changes in ecosystem C
storage induced by land-use change varied spatially
(Figure 4). Two C-sink regions located in the
northeast and southeast (Fort Benning) corners
reflected areas that were less influenced by
urbanization. The most intensive C loss occurred at
the periphery of urban areas at the urban-rural
interface. Both Imhoff and others (2000) and Milesi
and others (2003) observed that most of the newly

developed land is located at the periphery of large
urban areas. Our results also indicate that large C
sources emerge at rural-urban interfaces.

Model simulations show that during the 1990s the
coniferous forest C stocks averaged 6,755 g C m 2.
This estimate was higher than the eastern softwood
average biomass of 5,500 g C m 2 derived from FIA
inventory data (Brown and Schroeder 1999; Brown
and others 1999). One possible explanation for our
higher estimate is that we included all vegetative
biomass in our simulation, whereas the estimate
derived by Brown and others (1999) included only
trees with a diameter of more than 2.54 cm at breast
height. Our estimate of vegetation C in deciduous
forests is 14,352 g C m~2, well within the range
of eastern hardwood C density (11,800-17,200
g C m %) documented in the FIA data (Brown and
others 1999). The average upper 1 m of soil C density
was about 6,500 g C m ™2 in the 1990s. That figure is
comparable to Birdsey and Lewis’s (2002) estimate
of 7,140 g C m~ for Georgia forest soils in 1997. The

soil C density of deciduous forests in the areais 9,347
2

g Cm™~, which is close to Turner and others (1995)
estimate of 9,500 g C m~2 in the eastern United
States.

Our simulated average 1990s NPP for coniferous
forests was 494 ¢ C m™® y'. The predominant
coniferous forest type in the research region was
loblolly pine (Pinus taeda L.) (Thompson and
Thompson 2002). Teskey and others (1987) re-
ported that aboveground NPP for loblolly pine for-

ests ranged between 100 and 500 g C m2 y~! and
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Figure 3. Land-cover change in three counties of west
Georgia during the 29-year period from 1974 to 2002.

averaged 300 g C m 2 y~'. If belowground produc-
tion equals 40% of aboveground NPP (Nadelhoffer
and others 1985; McNulty and others 1994), the
total NPP will be 420 ¢ C m™2 y~'. This value is very
close to our estimate for total NPP (494 g Cm 2y ').
Our simulated average 1990s NPP for deciduous
forest was 1,020 ¢ C m ™ y~'. This figure is similar to
the one reported by Melisi and others (2003) (1,081
g C m 2 in Georgia) and also falls well within the
range of 805-1,715 g C m 2 y~! derived by Brown
and Schroeder (1999).

Effects of Land-use Change on Ecosystem
Carbon Storage

Our simulation indicates that from 1974 to
2002 reforestation in West GA sequestered about

23.0 ¢ C m~2 y~!' which was offset by the 18.4 g C
m 2 y~! released by deforestation. The net C ex-
change was an uptake of about 4.6 g C m™2 y! by
terrestrial ecosystems. Although the magnitude
was similar, the spatial patterns of C fluxes induced
by deforestation and reforestation were quite dif-
ferent. As shown in Figure 4, the C losses occurred
in only a few locations in the study area. Although,
concentrated areas resulted in large C losses, the
spatial pattern of C gains was diffuse and its mag-
nitude in each grid was relatively small. The neg-
ative NCE induced by deforestation was much
more variable than the positive NCE due to forest
regrowth (Figure 5). Our analysis showed that the
release of C due to deforestation generally followed
the patterns of annual deforestation, whereas C
sequestration due to reforestation did not match
the patterns of annual reforestation (that is aban-
doned croplands). The differing patterns between
deforestation NCE and reforestation NCE may be a
reflection of the differences of scale for the two
processes. Although, ecosystem C loss responds
instantly to deforestation events, C sequestration
due to forest regrowth is a relatively slow and sta-
ble process. Furthermore, newly reforested areas
comprise only a small part of the growing forests
that are sequestrating C. Therefore, reforestation,
unlike deforestation, has a long lag effect. As
shown in Figure 5, the short-term period fluctua-
tion in total NCE was dominated by deforestation,
whereas the long-term trend showed that a net
accumulation of C resulted from reforestation. The
combined effects of these two kinds of processes at
different scales generated a complex NCE pattern.

We further identified the effects of different
deforestation processes on the regional C balance.
During the study period, agricultural deforestation
was the major C-release process. Agricultural
deforestation released —15.6 g C m™2 per year—4.6
times more than the C released by urbanization.
However, the relative importance of these two
processes changed both along the rural-urban gra-
dient and through time (Figure 5). In Meriwether
County, which is furthest from Columbus, agri-
cultural deforestation dominated the negative NCE
fluxes, and the effect of urbanization was negligi-
ble. Conversely, in Muscogee County, which is
within the Columbus city limits, the negative NCE
generated by urbanization is 2% larger than that
generated by agricultural deforestation. In Har-
ris County, agricultural deforestation released 25
times more C each year than urbanization before
1998. In the last 2 years of the 1990s, C released
from agricultural deforestation declined to about
-2.7 ¢ C m~? y !, but this figure was still higher



1220 C. Zhang and others

Table 3. Carbon (C) Density in Three West Georgia Counties (1974-2002) (g/m?)

Year 1974 1980 1990 2000 2002

Vegetation C density 7,922 8,004 8,117 8,136

Soil C density 5,487 5,518 5,414 5,403

Total ecosystem C density 13,409 13,543 13,522 13,531 13,539
85°100°W 85°W 84°50'0"W 84‘49‘0'“! 84°300W Figure 4. Net carbon (C) exchange
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between the atmosphere and terrestrial
ecosystems in three west Georgia

z
| 2 counties from 1974 to 2002
5 (g C m~2 y™!). Positive value means C
sink; negative value means C source.
[ 3
8

L
32°40'0°N

32°30N

85°100W 85'w 84°400W
than the —1.4 g C m 2 y~! released by urbanization.
After 2000, the effect of agricultural deforestation
was only 63% of the effect of urbanization.

For the entire West GA research region, the
importance of agricultural deforestation to the
ecosystem C balance also changed through time. In
the 1980s, agricultural deforestation generated
considerable negative NCE fluxes (approximately
—-24 g C m™~? y ')—about 14 times the amount re-
leased by urbanization (-=1.7 ¢ C m™2y™!). This flux
was greater than the 22 g C m ™2 y~' NCE seques-
trated by forest regrowth, making the West GA area

L]
84°30'0'W

a net C source. In the 1990s, the amount of C re-
leased by urbanization increased to —3.4 g C m™2
y ! whereas the amount of negative NCE due to
agricultural deforestation declined to about
-12 ¢ C m? y'—only 50% of the amount
sequestered in the 1980s. During this decade, after
the reduction in cropland area (Figure 2), the
amount of C release due to agricultural deforesta-
tion decreased by 50% (from 16 g C m 2y~ in the
first half of the 1990s to 8 g C m™ y ! in the late
1990s). However, agricultural deforestation still
accounted for more than 70% of the total C
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Figure 5. Relative contribution of different land
conversions to net carbon exchange (NCE) (g/m?) be-
tween terrestrial ecosystems and the atmosphere, as
estimated by TEM. Positive NCE means C sink; negative
NCE means C source.

released by deforestation in the 1990s. As a result
of reduced deforestation and steady forest re-
growth, West GA became a net C sink of 3 g C m™>
y~!in the 1990s. In the early 2000s, the negative
NCE due to agricultural deforestation decreased to
-5 g Cm 2y ! about 40% of the average NCE in
the 1990s—While the negative NCE due to urba-
nization in the early 2005 was nearly three times
the urbanization NCE in the 1990s. As a result,
urbanization released more C than agricultural
deforestation. However, the total C released by
deforestation was only 55% of the C sequestered by
forest regrowth, and reforestation has dominated
the West GA C balance since that time.

Due to the uncertainty associated with models
and data, estimates of the terrestrial C balance
remain problematical. This study provides several
valuable lessons that may help to reduce that
uncertainty by improving our ability to simulate
the effects of land-use change on ecosystem C
dynamics within the southeastern United States.
First, our study in West GA shows that historical
land-use change has strong legacy effects on

ecosystem C cycles. Recognition of this effect
must be incorporated into any attempt to simu-
late long-term and large-scale processes such as
regional forest regrowth. Therefore, accurate his-
torical land-use maps need to be reconstructed
before we can understand the response of
southeastern US ecosystems to land-use change.
Accurate assessment of regional C budgets in the
Southeast must await spatially explicit reliable
data sets that include more comprehensive land-
use data for the entire region (McNulty and
others 1994; Wofsy and Harris 2002). Second a
fuller consideration of the large-scale land-use
change that the Southeast has undergone the last
several decades is imperative. Our results show
that the relative roles of major land-use change
processes on C storage have changed over time.
By now urbanization has become a significant
regional C-release process. A similar pattern has
been predicted for the entire southeastern United
States by other investigators (Wear 2002).
Therefore, any successful simulation of land use
as it relates to the C dynamics of this region will
depend on the capacity to stimulate urban eco-
system processes. Finally, because forest NPP
plays an important role in the C balance of West
GA and forest plantations are expanding
(Thompson and Thompson 2002; Wear 2002),
current biogeochemical models need to be
improved such that they better represent the
structure and dynamics of managed immature
forests (Song and Woodcock 2003) before we can
successfully assess the C fluxes in the Southeast.
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